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PERFORMANCE OF CONICAL JET NOZZLES IN TERMS OF FLOW AND VELOCITY
COEFFICIENTS

By RALPH E. GBEY, Jr. and H. DEAN VTmTED

SUMMARY

Performance characteristi”c~of conical jet nozzleg were deter-
mined in an investigation corei+ng a range of pre+mureratiog
from 1.0 to g.8, cone half~ngles from 5° to 90°, and outlet-inlet
diameterratiosfrom 050 to 0.91. AU nozzles inresiigated had
an inlet diameter of 6 inches.

The j70w coefi~”ent~ of the conical nodes inredigated were
dep(ndent on the cone ha@rngle, outlet-inletdiameterratio, and
pressure ratio. The relocity coej’icientawere essentiallyconstant
at pressure ratios below the cn”tical. For increasing preswres
aborecm”ticalpressure ratio, thereuwsa smalldecrease.in relocdy
coeficz”entthatwas dependenton pre.mureratio and independent
of cone half~ng[e and outlet-inletdiameterratio. Therejore the
ra.riationin performance (airflow and thrust) of sereralnozzles,
sslectedfor the same performance at a particular dem”gncondi-
tion, was proportional to the ratio of theirjlow coej%ients.

LNTRODUCTIOX

A corredy designed jet nozzle as a detice for corwerting
pressure energy to kinetic energy is an easentifd part of an
efficient jet -propukion power plant. Current jet power
plants utilize, -ivith but few exceptions, the conict-d subsonic
jet nozzIe because it- is simple, ine.spensi~e to fabricate, and
the configuration is inherently strong and rigid.

In the design of jet nozzka, it has been necessq in the past
to use approximate wlocity and discharge coefficients. This
necessity, coupkd with the effects of other engind=ign
uncertainties, often requires changes in the design of the
jet nozzIe during prototype-power-plant tests. Exact nozzk-
pwformance data would enable a more ratiorud process of
sekcting a nozzle to perform a speciiic task and would also
enable the designer to predict more accurately power-pkmt
performance over the complete operating range.

Performance characteristics of 15 conical nozzk were
experimentally determined at the NACA Lewis laboratory
in the eady part of 1947 and are presented herein. The
nozzle contlgurations investigated have outlet-inlet diameter
ratios ranging from 0.50 to 0.91 and cone half-angles ranging
from 5° to 90°. All the nozzles have inlet diameters of 5
inches. For each configuration, the pressure ratio -iias
varied between 1.0 and 2.8. For convenience, outlet-ink
diameter ratio and cone half-angle are hereinafter referred
to as “diameter ratio” and “cone angle,” respectively.

The results of this irmstigation should be usefti for the
design of or for the determination of the performance of

conical jet-propukion nozzles. Factors relating to flow
sirdarity ar-e considered to aid in det errnining &e validity
of applying these result-s to other conical-nozzle us=.
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cross-sectional area, (sq ft)
flow (discharge) coefficient, lTJl_l”,
effective velocity coefficient, 17JVt
velocity coeflkient, VJ~7t
specific heat at constant pressure, (Btu/(lb) (“ F))
diameter, (ft)
jet thrust, (Ib)
acceleration due to gmtit y, 32.17 (ft)sec~
mechanical equivalent. of heat, 778 (ft-lb/Btu)
Mach number
mass, (slugs)
total pressure, (lb/sq ft)
static pressure, (lb/sq ft]
gas constant, 53.3 (ft-lb/(lb) (0 F))
Reynolds number
total temperature, (0 R)
indicated temperature, (0 R)
static temperature, (0 R)
jet velocity, (ft/see]
eflective jet velocity, (ft/see)
fluid flOW,(Ib/see)
jet-nozzle cone half-angle, (deg)
thermocouple impact-recovery factor
ratio of specfic heat at constant pressure to specific

heat at constant volume
viscosity, (lb/(see) (ft))
fluid density, (lb/cu ft]
time, (see)

Subscripts:

m measured vaIue
t theoretical due
x example nozzIe 1
y example nozzle 2
0 ambient
1 jet-nozzle inlet
2 jet-nozzIe outlet

A prime indicat= conditions of critica~ (sonic) flow in the
nozzIe outlet (throat).
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ANALYSIS

In order to design a nozzle for a specific application, two
perfo~mance characteristics are generally required: the flow
capacity, and the tiectivenws of converting pressure energy
to kinetic energy or velocity. Flow capacity and effective-
ness of energy conversion are evaluated in terms of flow. co-
efficient cd and velocity Coefficient (?$, r~pectively, which
me defined as

TV

and

The evaluation of these coefficients
peratures and the pressures at stations
ing 51idCh:

(1)

(2)

is based on the tem-
1 and O in the foUow-

1
I

S+a)ion f Siaiion E Station 0

These quantities are usually available for jet-propulsion or
ejector nozzk. The evaluation is based on orwdimensional
compressible-ff ow equations, so that the coefficients obtained
may be easily applied. Inasmuch as the pressure distribu-
tion in the plane of the je~nozzle outkt (station 2) is gen-
erally unknown, the discharge pressure is assumed to be
atmospheric for subcritical pressure ratios. For super-
critics.1 pressure ratios the fluid is assumed to expand only
to the critical pressure, which is the discharge pressure that
wiII just produce sonic veIocity in the nozzle throat. The
critical pressure can be determined by dMerentiating the
equation for mass flow through a nozzIe with respect to the
downstream static pressure pi and setting the rewdt equal
La zero. This operation gives

The actual jet velocity ~“~,a was obtained from the jet
thrust in the following manner: The equation for jet thrust
for subcritical pressure ratios can be written from hTewton’s
second law of motion as

(4)

which states that the force is equal to the rate of change of
momentum. Then, if the fluid is assumed to start from rest
(stagnation conditions at station 1), thii equation may be
rewritten as

(5)

The theoretical jet veIocity may
conservation-of-energy equation

bc derived from tho

(v,, J’+t,=j+h=T1
m (0)

If the change in c, is assumed to be negligible bcLwccn T1
and h,

V,, g= ~2gJcp(Z’i–t*) ‘“ m

The temperature at the DOZZICoutlet can k dctmnincd
from the isentropic-expansion expression

Then equation (7) becomes

(8)

(9)

The weight flow at any section may ho uxpresscd by tlw
continuity-of-flow equation and at station 2 may b~ writlcn as

w,=p,,,x’!zv~i (lo)

From the gas law and the isentropic reIation, and for subsonic
flow with p~=p, assumed,

(11)

Substituting this vaIue of p~,, in equation (10) gives

-y+

W,=A, & (PO
)

z! ‘ ~7t,# (12)

in which ~7,,Smay be emh.mted by equation (9).
For Fiipercritical pressure ratios, there is m excess of

pressure (p*—pO) beyond that converted to vcloeky. ‘flu
prcwure at the nozzIe outlet ~lzmaybe computwl from cqufi-
tion (3). For supercriticd pressure rn(ios, equation (5)
then becomes

(13)

Crit.icaI or supercriticfd pressuro ratios across the Uozzlo
establish sonic velocity and the maximum flow obtainable aL
the particular nozzle-inlet condition (P, and TJ. Wkn k
critical-pressure relation (equation (3)) is subsLitulcd in
equations (9) and (12) and similar krms cm groupml, the
critical-flow condition is
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A simpIi&ation of the thrust cakdation for supercritical
pressure ratios (equation (13)) can be obtained H the cal-
cuhted pressure term is dropped and the thrust calculation
is based on an effective jet veIocity V.:

F,=? V,,,

= c. : C,,,v,,, (16)

The theoretical velocity is based on the assumption of
complete isentropic expansion to atmospheric pressure even
tho~oh the pressure ratio across the nozzle may exceed the
critical pressure ratio. The theoretical velocity may be

● calculated from equation (9) with pa=po. The effective
veIocit y coefficient C,,, from equation (16) is

Values of both ~, and C,,, are presented. For convenience,
C* will be designated the velocity coefficient. and C,,. the
effective -wJocity coefficient. BeIow the critical pressure
ratio, p2 is equal to po, which makes the two veIocity coeffi-
cients equal from the equaIity of equations (13) and (16).

The Reynolds numbers were calculated us&u the nozzle-
outIet diameter in the foIIowing equation:

(1s)

The Mach numbers were calculated for two -ralues of -yby
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The apparatus used is diagraromaticalIy shown in fibgure 1.
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80° F, was determined by use of a standard A.SM..E. orifice
(reference 1). The apparatus was attached t.o the air-
supply system through flexible meta~ bellows to allow the
apparatus to swing freely from a hinged joint, so that thrust
could be directly measured; a balanced-pressure diaphragm-
type thrust indicator was used.

The nozzle-inlet instrumentation (station 1) consisted of
two unshielded iron-wm.stantan thermocouples, two total-
pressure tubes, ancl two static-pressure tubes. The mini-
mum distance between the nozzle outlet and the inlet instru-
mentation was greatest for the 50 nozzle, with a diameter
ratio of 0.50. The distance required in this installation,
3.4 in.Iet diametem, was used for all installations. The
instrumentation was placed at a distance from the wall of
20 percent of the radius. This distance was determined by
investigation with rake surveys at station 1 in order to
obtain true average readings. By uskg these readings, air
flow that agreed within 1 percent of the orifice-measured
air flow was computed.

All nozzles were of welded 16-gage sheet steel with an
inlet diameter of 5 inches. Nozzles deviated. somewhat
from design dimensions in some cases as can be seen in table I,
which gives the nozzle con6gurations and measurements.
Because of the deviations in dimensions, the data were cross-
plotted to obtain data corresponding to the same angles for
each of the diameter ratios investigated.

M nozzlw were investigated by varying only the nozzle-
irdet total pressure, which could be mesaured directly
within &0.05 inch of mercury.

The indicated temperature T* measured at station 1 was

corrected to total temperature. The nozzMnIet indicated
temperature is a measure of the static temperature plus a
portion of the stagnation-temperature rise; the general
equation is

(20)

From calibration tests of thermocouples of the type used,
the impact-recovery factor P was found to equal 0.80. With
the value of 19known, the nozzIe-inlet total temperature T1
can be calculated from indicated temperatures by the general
equation

T=
T,
rdn (21)

1 ‘-lJ1+ (1–/3 ($)

Inasmuch as the temperature of the working fluid TWWnearly
the same as that of the surroundings, the radiation and
conduction losses from the thermocouples were considered
negligible.

RESULTS AND DISCUSSION

FLOW SfMILARrTY

In order that the data obtained on the 5-inch nozzlea can
be directly applied to full-scale jet-engine nozzle design and
performance, flow similarity must be established between the
model and full-scale nozzles, The predominant factors for
flow similarity are geometric similarity, Reynolds number,

and Mach number. The geometric similarity is satisfied by
seIectioa of the proper model nozzle for comparison.

The range and the comparison of Reynolds nnmher is shovm
in figure 2. The range of ReynokIs numbers for the model
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nozzles is approximately between 3 x ] 06 and 4x106. The
range of Reynolds numbers for typical full-swdo jet-cngii~c
nozzka is betweeu 8X106 and 3X 10s. The effects of Rey-
nolds numbers were not investigatwi. Inasmuch its tho range
of ReynoIds numbers of the model and typiral full+crde
nozzles is of approximately the same order of magi~it udc, the
difference in Reynolda number is comidcrcd neghgiblo in the
application of the modeI data to full-sctde-nozzlo design rind
pelforxnance.

The comparison of Mach number for two values of ratio of
speciiic heats y plotted against pressure ratio is shown in
figure 3. The value of Y for the model nozzles is approxi-
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mately 1.40 and the value of 7 for typical full-scale je[-rwginc

nozzlw is between 1.30 and 1.40. For test condit ions of cquid
Mach number, the difl’erence in pressure ratio is small. This
small difference in pressure ratios will be shown in the follow-
ing section to have very little effect on Lhc nozzle coc~cients.
From the foregoing analysis, flow similarity Mwccn the
model and fuU-scale nozzles appears to lMVC bwn mt isficd
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with reasonable accuracy and the remdts of the model tests
me considered directly applicable to full-scak-nozzle design
and performance.

FLOW COEFFICIENT

The effects on nozzIe performance of changes in diameter
rat io, cone angIe, and pressure ratio are presented. F~ure 4
shows the measured effects of change in pressure ratio on the

TERMS OF FLOW AND VELOCITY COEFFICIENTS %

performance of all nozzdes in~estigated. For all nozzles, the
flow coefficient increased with an increase in presm.re ratio.
AIso a rapid decrease in flow coefficient with increasing nozzle
cone angle can be seen.

Values of flow coefficient for nozzIes with cone angles of
5°, 15°, 30°, 45°, and 90° were obtained from cro-pIotting
vahws of flow coefficient obtained from @.re 4 against the
nozzIe cone angle for each diameter ratio. These data were
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pressure ratios are presented in figure 7. The maximum
values of the flow coefEcients mentioned in the discussion of
&we 5 are better seen in figures 7(a], 7(b), and 7(c) for
cone Mf-angIes of 5°, 10°, and 15°, respectively. F- 7
presents the data in the most convenient form for use in
design of conicaI nozzles. The use of area ratio instead of
diameter ratio for these chart9 simplifies the sektion of a
nozzIe to give a desired flow rate.

VELOCITY COEFPICIEST

The velocity coefficients C’, are gken for all nozzles in
figure 8. One due of veIocity coefficient, 0.945, represents
the data obtained with all nozzles within +0.03, between
pressure ratios of 1.3 and the critical value (approximately

1.9}. The scat ter of the data due to inaccuracies in the
measurements of flow and thrust at pressure ratios below
1.3 was great enough to obscure any trend of the nozzle
performance at tie very Iow pressure ratios. At super-
critical pressure ratios, the veIocity coefficient decreased to a
value of 0.893 at a pressure ratio of approximately 2.8. The
mea-n curve represents the supercritical data within +0.03.
The veIocity coefficient was essentially independent of cone
angIe and diameter ratio and dependent only on pressure
ratio.

The effective velocity ccdikients C.,, (fig. 9) are used only
for the simplfied thrust calculations for aU the nozzIes
investigated. One vahe of eflective veIocity coefficient,
0.945, represents the data obtained with all nozzIes within
+0.03 between pressure ratios of 1.3 and the critical value.
This value is the same as that obtained for the veIocit.y coed%-
cient of figure 8, because the veIocity ccdlicient and the
effective v-elocity coficient are identicaI in the subcritical-
pressur*ratio opereting range. At supercritical pressure
ratios, the average -due of e&tive veIocit.y coefficient
decreases sfightly to 0.934 at a pressure ratio of appro.xi-
mateIy 2.8.

CO~AMSON OF TEEUST P_ORNLXCE

The variation in thrust with change in pressure ratio is a
function of only the flow coefficients and etit areas, as can
be demonstrated:

From equation (16)

Fj,,_ G!,,,Wk.C,,,,.Vk=
Fj,r cd,,lr,,,cr#,rvt.r

(22)

The ~eIocities are functions of only presure ratio and
initial temperature (equation (9)) and at any particuhr
operating condition are therefore equal. The docity co-

; .&a ~’
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efiicients are also cquaI beeause they are a function of only
pressure ratio (fig. 9). The air-flow ratio W,,=/W~,w is
equal to the ratio of outlet areas for any particular operating
condition. (See equation (12).) The thrust ratio may be
written as

Fj,z_&-&
F,,g m (23)

Inasmuch as the exit areas are fied, the ratio of perform-
ance (air flow and thrust) of nozzles of different design
selected for the same thrust at a particular condition is pro-
portional to the ratio of flow coefficients.

Thrust with the 90° and 5° nozzles is compared in figure 10

over a range of pressure ratios between approximately 1.0
and 2.8. Three two nozzles were designed to give the same
thrust (effective flow area and air flow) at a pressure ratio of
2.0 and were chosen to. show the masimum variation in
thrust. The variation in thrust between the two nozzles
with increasing pressure ratio results from the larger outlet
area of the 90° nozzle and a more rapid increase in flow co-
efficient than for the 5° nozde. The thrust ratio increases
for the 90° nozzle with an increase in pressure ratio above the
design pressure ratio because of the greater effective flow
area, and decreases with a decrease in pressure ratio because
of the smaller effective flow area,

SUMMARY OF RESULTS

From an investigation of conical jet nozzIes with inlet
‘diameters of 5 inches, outlet-inlet diameter ratios from 0.50
to 0.91, and cone half-angles from 5° to 90° at pressure ratios
from 1,0 to 2.8, the following performance characteristics
were determined:

PressLU@ ratio, P,~pO

Fmm O.–Verfatlon of eonkd-nozzk effective vefodty cdkfent wfth premure retlo for
vdone cone helf.englee and outletMet dfemeter rsttm (nesd only for dmfMcstlon of
thrnet mfcofat!om).

1. The flow coefficient for alI nozzles incrcascd with in-
creasing pressure ratio.

2. The flow coefl?mient for dl nozzles iucrcascd with
decreasing cone half-angIe.

3. The flow coficient of nozzles with small cone Mf-
angles reached an optimum at a diameter ratio of about
0.75. The flow coefficient of nozzles with large cone half-
angles in general increased with increasing diamctw ratio.

4. The velocity coefficient could k reasontiMy well
represented by a vaIue of 0.945 in the range of prcssura
ratios from 1.3 to the critical pressure ratio. AL prcssuro
ratios above the critical value, t.h vcloeity cocfIicicnt
decreased to a vaIue of 0.893 at a prmsurc ratio of 2.8.

5. The velocity coefficient was essentially indcpcmdent of
cone half-angle and of out let-inIeL diameter mtio,

Pressure mfiq R/p,

FmuBE 10,—Comperkon of tlmuet of M“ nozzle wlfh that of 6“ IMZZMat verfow pressure
mtfee. (DeelgJIwM.% R/pG 2.@AIM Id W norrle,O.S!l&AA41of5°nozzfe, 0.490.)

6. The effective velocity coc~cicnt was hascd on tha
assumption of complete isentropic cqxmsion to flrnbienb
pressure when the nozzle is opemted above Lho critiml
pressure ratio, and was identical with the velocity coc~cicnL
below the critical pressure ratio. AboYc the critical prrssuro
ratio, the effective velocity coefficient deweascd from 0,945
to 0.934 at a pressure ratio of 2.8.

7. The comparative performances (thrust and air flow) of
nozzles selected for the same performance aL a particu]ar
design condition were proportional to the ratio of their flow.
coeflicie~ts because &e velocity coefIici&lL is cascntially
independent of nozzle design.

LEWIS FLICUITPROPULSION LABORATORY,

hTmloNm ADvIsom CObIMITTEE FOR AERONAUTICS,

CLEVELAND, OHIO, September 7, 19~8.
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TABLE I—NOZZLE CONFIGUR.4TIONE AND MEASUREMENTS
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